Spatial boundaries of homeotic gene expression are initiated and maintained by two sets of transcriptional repressors: the gap gene products and the Polycomb group proteins. Previously, the Hunchback (HB) protein has been implicated in setting the anterior expression limit of the UBX homeotic protein in parasegment 6. Here we investigate DNA elements and trans-acting repressors that control spatial expression of the Abdominal-A (ABD-A) homeotic protein. Analysis of a 1.7-kb enhancer element [iab-2(1.7)] from the iab-2 regulatory region shows that in contrast to Ubx enhancer elements, both HB and Krü ppel (KR) are required to set the ABD-A anterior boundary in parasegment 7. DNase I footprinting and site-directed mutagenesis show that HB and KR are direct regulators of this iab-2 enhancer. The single KR site can be moved to a new location 100 bp away and still maintain repressive activity, whereas relocation by 300 bp abolishes activity. These results suggest that KR repression occurs through a local quenching mechanism. We also show that the gap repressor Giant (GT) initially establishes a posterior expression limit at PS9, which shifts posteriorly after the blastoderm stage. Finally, we show that this iab-2 enhancer contains multiple binding sites for the Polycomb group protein Pleiohomeotic (PHO). These iab-2 PHO sites are required in vivo for chromosome pairing-dependent repression of a mini-white reporter. However, the PHO sites are not sufficient to maintain repression of a homeotic reporter gene anterior to PS7. Full maintenance at late embryonic stages requires additional sequences adjacent to the iab-2(1.7) enhancer.
INTRODUCTION
Homeotic genes encode transcription factors that control segment identities along the anterior-posterior (A-P) axis in both invertebrates and vertebrates (Lewis, 1978; Kaufman et al., 1980; Krumlauf, 1994) . In Drosophila melanogaster, the homeotic genes are clustered at two loci: the Antennapedia complex specifies fates within the head and anterior thoracic segments and the bithorax complex (BX-C) controls posterior thoracic and abdominal segment identities. The three BX-C genes, Ubx, abd-A, and Abd-B, are expressed in overlapping domains in the embryo that correspond with their realms of function. Ubx is expressed in parasegments (PS) 5-13, abd-A is expressed in PS7-13, and Abd-B is expressed in PS10 -14 (Beachy et al., 1985; Celniker et al., 1989; Delorenzi and Bienz, 1990; Karch et al., 1990) . Correct spatial expression of these genes throughout embryonic, larval, and pupal stages is essential for proper development.
Spatial expression of abd-A at its anterior boundary, in PS7, is controlled by the iab-2 regulatory region (Karch et al., 1985 (Karch et al., , 1990 . The iab-2 region spans about 40 kb of DNA including the large introns of the abd-A transcription unit together with 3Ј flanking sequences (Karch et al., 1990; Simon et al., 1990) . Similarly, the iab-3 regulatory region controls abd-A expression in PS8, iab-4 controls abd-A in PS9, and other parasegment-specific regulatory regions control Ubx and Abd-B in their respective A-P domains of expression (Lewis, 1978; reviewed in Peifer et al., 1987) .
We have previously identified a 1.7-kb iab-2 DNA fragment that directs lacZ reporter expression with many features of the normal Abdominal-A (ABD-A) pattern (Shimell et al., 1994) . Specifically, lacZ is expressed with an anterior boundary in PS7 and is first detected at the blastoderm stage, at about the time that abd-A mRNA first accumulates. Thus, the iab-2(1.7) fragment contains an initiator element that sets the correct anterior expression boundary in early embryos. A critical component of this element is a single binding site for the gap gene product Krü ppel (KR) (Shimell et al., 1994) . Embryos that contain a point mutation in this KR site, the Hyperabdominal-1 (Hab-1) mutation (Lewis, 1978) , ectopically express abd-A in parasegments 5 and 6. Thus, repression by KR in anterior parasegments is required to set the A-P pattern of abd-A. However, KR alone is not sufficient to repress ABD-A throughout PS1-6 since KR is not detected anterior to PS3 (Gaul et al., 1987) . A good candidate for a second repressor that works through iab-2 is the Hunchback (HB) protein, which is expressed throughout PS1-6. HB plays a key role in early repression within other BX-C parasegment-specific regulatory regions (Zhang et al., 1991; Qian et al., 1993) .
The molecular mechanism used by the iab-2 initiator element to repress the abd-A promoter, which is located 20 kb upstream, is not known. Several mechanisms have been considered for eukaryotic repressors in general (Johnson, 1995; Levine and Manley, 1989) and for KR in particular (Gray and Levine, 1996b; . First, repressors may directly compete with activators for binding to overlapping sites. Second, short-range repression may occur through a quenching mechanism whereby DNA-bound repressors interact and interfere with nearby DNA-bound activators (Gray and Levine, 1996b) . KR can repress by such a short-range mechanism in vivo (Gray and Levine, 1996a) . Third, repressors may directly bind and interfere with components of the basal transcription machinery. KR binding to TFIIE has been demonstrated in vitro, and this interaction has been suggested to provide KR repression in at least some promoter contexts . Fourth, DNA-binding repressors may tether corepressors or corepressor complexes which contain key protein domains that mediate repression. For example, repression by Hairy protein requires interaction with the Groucho corepressor (Jimenez et al., 1997) . Many of the recently discovered eukaryotic corepressor complexes contain subunits with histone deacetylase activity (Pazin and Kadonaga, 1997) . Indeed, HB has recently been shown to interact with dMi-2 protein (Kehle et al., 1998) , which is the fly homolog of a mammalian deacetylase complex subunit (Wade et al., 1998; Zhang et al., 1998) .
The gap gene products begin to decay by about 3 h of embryogenesis, shortly after they set the boundaries of homeotic expression. Their role in repression is then supplanted by the Polycomb group (PcG) proteins, which maintain restricted homeotic expression for the remainder of development (Pirrotta, 1997; Simon, 1995 for reviews). The PcG repressors act through DNA elements called PcG response elements (PREs) located in each of the parasegment-specific BX-C regulatory regions. The best characterized PREs have been delimited to DNA fragments of about 1 kb (Busturia et al., 1997; Chan et al., 1994; Hagstrom et al., 1997) . PREs have been identified and localized on the basis of three widely used reporter construct assays: (1) maintenance of restricted lacZ expression from parasegment-specific enhancers Muller and Bienz, 1992; Chan et al., 1994) , (2) recruitment of PcG proteins to reporter sites in polytene chromosomes (Zink et al., 1991; DeCamillis et al., 1992; Chiang et al., 1995) , and (3) repression of a linked mini-white marker gene (Chan et al., 1994; Hagstrom et al., 1997) . Since mini-white repression is often more severe when two copies of a PRE construct physically associate by chromosome pairing, this has been referred to as "pairing-sensitive" repression (Kassis, 1994) .
Until recently, the question of how PcG proteins physically recognize and bind to PREs was confounded by lack of a PcG protein with sequence-specific DNA-binding activity. The discovery that Pleiohomeotic (PHO) is a DNAbinding PcG member (Brown et al., 1998) now provides a molecular handle to approach this issue. PHO was cloned based upon its involvement in pairing-sensitive repression of a mini-white marker gene by an element from the engrailed locus (Kassis et al., 1991; Kassis, 1994) . The presence of consensus PHO binding sites as a recurring sequence motif in homeotic gene PREs (Mihaly et al., 1998) is consistent with PHO action through these sites, but whether PHO contributes to the in vivo function of homeotic gene PREs remains to be demonstrated.
The requirement for two sets of repressors with temporally distinct roles raises the issue of how the transition from early to late repressors occurs. What molecular features mark the silenced homeotic gene as a site for PcG assembly and maintenance of repression? Since initiator elements that set homeotic expression boundaries are physically separable from PREs (Simon et al., 1993; Chan et al., 1994 ) the mere binding of early repressors, such as HB or KR, is not sufficient to attract stable association of PcG proteins. To understand the transition from initiation to maintenance, it is necessary to define the complete set of functional repressor binding sites in a single parasegmentspecific control region. Here we show that the iab-2 initiator element contains binding sites for the HB and Giant (GT) proteins in addition to the single KR site. We show that both HB and KR are required to set the PS7 anterior boundary in early embryos and that GT restricts expression in posterior parasegments. The iab-2(1.7) fragment also contains multiple binding sites for PHO. We show that these PHO sites are required in vivo for pairing-sensitive repression of mini-white but that these sites are not sufficient to maintain lacZ expression boundaries. We localize additional elements within the iab-2 region that, together with iab-2(1.7), provide lacZ pattern maintenance. These results suggest that PHO sites contribute to PRE function but that other factors are also needed for recognition of target sites by PcG proteins. alleles were obtained from the Bloomington stock center. The pho cv allele was from J. Kassis. Germline transformants were generated using standard methods in a y, w 67c23 background.
MATERIALS AND METHODS

Drosophila Strains and Transformations
In Situ Hybridization
LacZ expression was monitored by whole-mount in situ hybridization using digoxigenin-labeled antisense RNA probes. The probes were prepared according to the manufacturer's directions (Boehringer Mannheim). The prehybridization procedure and hybridization conditions are based on the protocol of Tautz and Pfeifle (1989) as modified by Mason et al. (1994) .
DNase Footprinting
KR, HB, GT, and EVE proteins were produced in BL21(DE3) cells after induction with 1 mM IPTG. Protein extracts were prepared from cells as described by Hoey and Levine (1988) . The footprinting was carried out as previously described (Shimell et al., 1994) .
Production of PHO Protein
E. coli extracts containing recombinant PHO protein were prepared from strain BL21(DE3) carrying the expression plasmid pETzn1234. Cell cultures were harvested after induction with 0.5 mM IPTG and solubilized with 4 M urea. The urea-soluble supernatant was dialyzed into EMSA buffer (12 mM Hepes, pH 7.9, 10% glycerol, 5 mM MgCl 2 , 60 mM KCl, 1 mM DTT, 5 M ZnSO 4 ), flash frozen in small aliquots, and stored at Ϫ70°C prior to use. A control extract was prepared from BL21(DE3) harboring the pET28a cloning vector (Novagen). Plasmid pETzn1234 expresses a 26-kDa fusion protein containing the His 6 leader sequence of pET28a and amino acids 344 -520 of PHO, which includes the four zinc fingers that comprise the DNA binding domain (Brown et al., 1998) . The concentration of the PHO fusion protein in the extract was estimated to be 500 M based on Coomassie staining. To construct pETzn1234, an EcoRI site was introduced upstream of PHO amino acid 344 by mutagenic PCR using the forward primer 5Ј-TTGAATTCCTTTCCGAAGTTACAGTATC-3Ј. A 0.9-kb EcoRIHincII fragment from the PCR was cloned into the EcoRI and SmaI sites of pBluescript KS II(ϩ), and an EcoRI-NotI fragment was then inserted into pET28a. The PHO coding region of the PCR clone was confirmed by DNA sequencing.
Gel Mobility Shift Assays
DNA fragments for gel shift experiments were isolated as EcoRI-BamHI fragments from pBluescript vectors containing the indicated portions of the iab-2(1.7) enhancer. Fragments were labeled with [␣- 32 P]dATP or [␣-33 P]dATP and purified from unincorporated nucleotides following standard techniques (Maniatis et al., 1982) . p281-682 and p281-682mut were made by ligating blunted AccI-DraI fragments into the SmaI site of pBluescript. p355-682 and p355-682mut were generated by PCR from p281-682 and p281-682mut, respectively, using the primers 5Ј-AAGGATCCC-GCTCGCACCTGCGCTTA-3Ј and T3. p394-682 was generated by PCR using the primers 5Ј-AAGGATCCGGTCGTAAATCTTGTT-TAGG-3Ј and T3. p281-370 was generated by PCR using the primers 5Ј-ACGAATTCAGCGCAGGTGCGAGCGAG-3Ј and T7. Each PCR product was ligated into the EcoRI and BamHI sites of pBluescript.
Binding reactions were done by incubating varying amounts of PHO protein extract with radiolabeled DNA fragments in 25 l EMSA buffer plus 50 g/ml poly(dI:dC) for 30 min at room temperature. Samples were electrophoresed at 4°C on a 4.5% acrylamide gel (30:0.8 acrylamide to bis-acrylamide) containing 0.5ϫ TBE and 10% glycerol with 0.5ϫ TBE running buffer. The positions of the DNA fragments were recorded by autoradiography.
Site-Directed Mutations and Cloning
The following oligonucleotides were used to modify different binding sites. The underlined sequence represents the protected region observed by DNase I footprinting. The nucleotides shown in bold were changed to the nucleotides shown under the line. The resulting new restriction site is shown at the right.
The 1.7-kb iab-2 fragment was subcloned into pSelect (Promega) for site-directed mutagenesis. The resulting plasmid (pMBO1633), or a derivative thereof, was used as the template for all mutagenic reactions. Mutagenesis was performed on either single-stranded or double-stranded, denatured templates under conditions recommended by the manufacturer (Promega Altered Sites Kit). Up to three mutagenic oligonucleotides were added to each reaction. Mutations were initially screened on the basis of introducing new restriction sites and then confirmed by DNA sequencing. All mutants were shown to disrupt factor binding by either DNase I footprinting or gel mobility shift assays. The iab-2(0.7) fragment which contains all gap protein binding sites consisted of DNA 25 bp downstream of HB1 to the Sau3a site 100 bp upstream of KR1. The iab(0.7) and site-directed mutant iab-2(1.7) fragments were cloned into pCaSpeR as previously described (Shimell et al., 1994) .
RESULTS
Elaboration of the Minimal iab-2(1.7) Enhancer Pattern
We have previously described a 1.7-kb SalI-XbaI fragment from the iab-2 region which, when fused to a Ubx/ lacZ reporter, produces a pair-rule expression pattern with an anterior boundary of PS7 (Shimell et al., 1994) . To more clearly understand the activation and refinement of the iab-2-directed expression pattern, we examined the pattern and timing of message distributions in the early embryo by in situ hybridization using lacZ probes. The iab-2 pattern initiates as a wedge-shaped band in the central region of the embryo at the precellular blastoderm stage (Fig. 1A) . There is an absence of staining in the most ventral cells corresponding to the presumptive mesoderm. Examination of this stripe at high magnification revealed that the staining was 10 -12 cells in width and was graded in both directions from the central region. Only dots of staining, possibly corresponding to the transcribing chromosomes (Shermoen and O'Farrell, 1991) , are observed in weakly expressing cells at the edges of the stripe (data not shown). Since a parasegment is 4 cells wide at the blastoderm stage, these results indicate that this early expression stripe is approximately three parasegments in width when first activated. As cellularization proceeds, the wide band resolves into two stripes and during gastrulation weaker more posterior stripes are added in a pair-rule fashion (Figs. 1B and 1C) . During germ-band retraction, epidermal staining fades, and as dorsal closure finishes, staining becomes evident in a subset of cells in the CNS (Fig. 1D ). This CNS staining pattern does not respect the PS7 boundary and is strongest in the anterior of the embryo (Fig. 1D) .
Alterations in the iab-2(1.7) Expression Pattern in Segmentation-Gene Mutant Backgrounds
We have previously shown that the gap gene product KR is required to set the iab-2(1.7) anterior expression border No staining is evident, suggesting that uniform levels of maternal HB fully repress this enhancer. (E and F) gt mutant embryos. Note that the initial expression of the enhancer is expanded in the posterior direction (E) and that as the pattern resolves into stripes, the more posterior stripe is enlarged (F). (G and H) The expression of iab-2(1.7) in an eve mutant background. At the earliest stage (G) some expression is seen in this background, but this rapidly fades as gastrulation commences (H). (Shimell et al., 1994) . However, since KR is not expressed anterior to PS5 (Gaul et al., 1987) , some other factor must also be required to repress the iab-2(1.7) enhancer in anterior regions. A likely candidate is the HB protein which has been shown to be important for repressing the bx and pbx enhancers anterior to PS6 (Zhang et al., 1991; Qian et al., 1993) . To examine whether HB plays a role in setting the iab-2(1.7) anterior expression boundary, we crossed this construct into both hb and osk mutant backgrounds. Loss of zygotic hb caused a slight broadening of the initial expression band, indicating an anterior shift in the expression pattern of this enhancer ( Figs. 2A and 2B ). The presence of maternal HB likely minimizes the anterior shift in these zygotic hb mutant embryos. Consistent with this view, we find that in an osk mutant background, in which the maternal level of HB is uniform throughout the embryo (Tautz, 1988) , expression from the iab-2(1.7) enhancer is completely abolished (Figs. 2C and 2D ). These findings suggest that, as with the bx and pbx enhancers, HB is important for setting the initial anterior limit of iab-2 enhancer function.
As is evident from the early iab-2 (1.7) pattern (Fig. 1A) , this enhancer is initially inactive in the posterior regions of the embryo as well as in anterior regions. We therefore examined whether removal of the more posteriorly expressed gap gene products Knirps (KNI) and GT affected the initial activity of this enhancer. We found that removing KNI had no effect on iab-2(1.7) expression (data not shown). In contrast, elimination of GT caused ectopic posterior expression as soon as lacZ mRNA could be detected in the early blastoderm (Fig. 2E) , which then resolved into a double-width posterior stripe (Fig.  2F ). There was no shift in the anterior pattern even though GT is expressed in the anterior region as well as in a posterior stripe (Eldon and Pirrotta, 1991 ). The refinement of the initial pattern into stripes suggested that the iab-2 enhancer might be repressed in evennumbered parasegments by a pair-rule gene such as ftz. However, in a ftz mutant background, the iab-2(1.7) pattern still resolved into distinct stripes, suggesting that FTZ does not regulate the iab-2 (1.7) enhancer (data not shown). We also examined the role of even-skipped (eve) in iab-2 enhancer function. For the bx and pbx enhancers, which are expressed in even-numbered segments, FTZ has been shown to be an essential activator (Muller and Bienz, 1992;  .7) enhancer and the right shows two examples of footprinting gels illustrating some of the sites protected by EVE (green), GT (blue), and HB (red). 1ϫ and 10ϫ refer to the relative amounts of protein extract added to the reactions. BL21 is a control Escherichia coli extract which does not express any of the proteins. The lanes labeled GA and TC are sequencing ladders for the equivalent region of DNA. Within the iab-2(1.7) sequence shown on the left, the binding sites identified by footprinting (or as consensus core sites in the case of PHO) are highlighted in different colors: gold-KR, red-HB, green-EVE, blue-GT, pink-PHO. Note that EVE site 2 is embedded within the GT site and EVE site 3 is embedded within the HB2 site. . (E and F) Embryos in which the single KR binding site has been eliminated. Note that at the very earliest stage (E) the initial activity of the enhancer is normal but anterior repression breaks down during gastrulation (F), giving rise to ectopic PS3 and PS5 stripes of expression, with PS5 more intense than PS3. (G and H) An example of embryos in which the HB1 site has been mutated. As with the KR site mutant, the earliest expression is normal but then ectopic PS3 and PS5 stripes form during gastrulation. In this case, however, the PS3 stripe is more intense than the PS5 stripe and the PS11 and PS13 stripes are more intense than wt (B). (I and J) The expression of the iab-2(1.7) enhancer when all five HB sites are eliminated is shown. Expression at the earliest stage is expanded both anteriorly and posteriorly (I), and this expression resolves into seven distinct stripes (J). Mutation of all five HB binding sites as well as the KR and GT binding sites (K and L) causes little additional change except that expression in PS3 and PS5 is slightly more intense. The cartoon below each set illustrates which binding site was mutated: red-HB, blue-GT, gold-KR .  FIG. 5 . Expression of iab-2(1.7) enhancer with either the GT or the KR binding sites moved. For reference, (A) shows a lateral view of a wild-type iab-2(1.7) blastoderm stage embryo while (B) shows an early gastrulating embryo. When the KR site was moved 300 bp (cartoon and C and D) ectopic stripes formed in PS3 and 5, indicating that KR cannot function in this position. (E and F) Expression from an iab-2(1.7) enhancer in which the KR site has been moved 100 bp (see below E and F for new position of the KR site). In this case, the moved KR site is still able to supply repressive activity (no ectopic anterior stripes). (G) A blastoderm stage embryo in which the GT site has been moved 100 bp (blue box in the schematic cartoon below). Note the posterior expansion in the expression. (H) A slightly later stage. Note that the PS9 and PS11 stripes are more intense than in wildtype. Qian et al., 1993) . Despite the fact that EVE is generally described as a repressor (Li and Manley, 1998) , we find that EVE is essential for resolution of the iab-2(1.7) expression pattern into stripes. In an eve mutant background the initial wedge-shaped band of expression is present but weak (Fig.  2G) . However, during early gastrulation the pattern fades and expression is lost by mid-germ-band extension (Fig.  2H) . These results, together with our previous work (Shimell et al., 1994) , suggest that HB and KR collaborate to set the anterior expression border of iab-2(1.7) enhancer activity, GT controls the position of the early posterior border, and EVE is required for refinement into a striped pattern.
DNase I Footprinting and Site-Directed Mutagenesis Establish That HB and GT Are Direct Regulators of the iab-2(1.7) Enhancer
The mutant analysis suggests that HB and GT both modulate iab-2(1.7) enhancer function. However, because of cross-regulatory interactions, it can be difficult to assess if alterations in expression patterns reflect direct regulation. To address this issue, we used DNase I footprinting to determine whether these factors bind directly to sequences within the iab-2(1.7) enhancer. As shown in Fig. 3 , we identified 1 GT and 5 HB sites within the iab-2(1.7) enhancer in addition to the previously identified single KR site (Shimell et al., 1994) . Precise identification of all EVE binding sites was more difficult. At low EVE concentrations, at least four sites were noted. However, at high concentrations many additional protected regions are seen, consistent with the finding that EVE binds cooperatively to DNA (Liang and Biggin, 1998; TenHarmsel et al., 1993) .
To test the importance of different gap protein binding sites in setting boundaries of iab-2 expression, we mutated different sites either individually or in various combinations. The simplest knockouts involved mutations of the single GT or KR binding sites. Figure 4 shows that mutations in either site lead to alterations in iab-2 enhancer expression. Elimination of the GT site leads to a posterior expansion in the initial expression pattern similar to that seen in a gt mutant background (Fig. 4C) . The pattern then resolves into stripes, as does the wildtype, but expression in PS9 and PS11 is intensified (Fig. 4D) . Elimination of the KR site also leads to ectopic activation; however, the timing is different from that observed with the GT site mutant: whereas the posterior expansion for the GT site mutant is evident as soon as expression can be detected, the initial pattern of expression of a KR site mutant is normal at the early blastoderm stage (Fig. 4E) . The ectopic expression is first evident at a slightly later stage in PS5 followed shortly by misexpression in PS3 (Fig. 4F ). This pattern of ectopic activation in PS5 and 3 is identical to what we reported for the Hab mutant, which is a single base change within the KR binding site (Shimell et al., 1994) .
The delay in ectopic activation seen with the KR singlesite mutant might indicate that control of the anterior border is also influenced by the HB binding sites. In the absence of KR, we postulate that HB provides some degree of anterior repression but that it is not adequate as development proceeds. To examine this issue directly, we mutated each HB site individually and tested for ectopic expression. Single mutations in HB1, 2, 4, or 5 occasionally (Ͻ10% of the embryos) give ectopic stripes in early embryos. In contrast to KR site mutants, which produce stronger ectopic expression in PS5 than in PS3, ectopic stripes resulting from the HB single-site mutants showed stronger expression in PS3 as opposed to PS5 (Figs. 4G and  4H ). This is consistent with the different gradient distributions of the HB and KR proteins. The low penetrance of the ectopic stripes was still observed in several different double and triple mutant combinations such as HB1,2, HB1,5, HB1,3, and HB1,2,3, indicating that sites 4 and 5 alone are sufficient to provide some repressive activity. When all five HB sites were mutated, all embryos produce ectopic stripes, and anterior expansion is evident when the pattern first initiates at the early blastoderm stage (Fig. 4I) . We also note that in HB-site mutant embryos the posterior PS11 and 13 stripes are more intense than in wildtype (compare Fig. 4B with Figs. 4H and 4J). As a final test of gap gene control of the iab-2(1.7) enhancer we eliminated all five HB sites together with the KR and GT sites. In this case we observed ubiquitous activation throughout the central region of the embryo that resolves into seven well-formed stripes with almost equal intensities (Figs. 4K and 4L ). These results show that KR and HB are key direct regulators in setting the initial anterior boundaries of iab-2(1.7) enhancer function, while GT and HB together help set and modulate the posterior expression pattern.
KR Exerts Its Negative Regulatory Effect When Moved from Its Original Location
In several instances, repression has been found or proposed to be mediated by a simple competition mechanism whereby binding of a gap protein prevents binding of an activator protein. Examples include eve stripe 2 regulation (Stanojevic et al., 1991; Small et al., 1992) and the control of the pbx and bx enhancers of the Ubx gene (Muller and Bienz, 1992; Qian et al., 1993) . We wished to determine whether such a mechanism could also explain the repressive effects of KR in iab-2. Our footprinting studies did not reveal any overlap of the KR site with EVE sites. To determine if KR repression requires precise juxtaposition of binding sites, we moved the KR site either 100 or 300 bp away from its original position and determined whether transformants containing these constructs maintained the PS7 anterior expression limit. As shown in Figs. 5C and 5D , none of the eight lines containing a site moved 300 bp away was able to properly maintain the anterior border. However, three lines (of eight) containing the site located 100 bp from its original position were able to maintain the PS7 boundary (Figs. 5E and 5F). As a corollary experiment, we asked whether we could replace the KR site with a HB or GT binding site. If binding competition with an activator is the basis for KR repression, then changing the KR site to a HB or GT site might allow some degree of anterior repression to remain. We found that none of the five lines in which the KR site had been changed to a HB site, or the six lines in which the KR site had been changed to a GT site, maintained the PS7 boundary (data not shown). As an additional comparison, we also moved the single GT site 100 bp from its original location. Unlike KR, the GT site does overlap an EVE binding site (Fig. 3) . However, we found that the mutation which eliminates GT binding at its natural location did not disrupt EVE binding. Thus, we could ask whether moving the GT binding site affected the early activation without having to consider effects due to disruption of EVE binding. We found that none of the six lines containing the moved GT site were able to maintain the initial posterior border (Figs. 5G and 5H) , suggesting that GT protein may function in this context by a local competition mechanism. Taken together, these results suggest that KR repression involves a short-range mechanism distinct from competition for overlapping activator binding sites.
The iab-2(1.7) Enhancer Shows Chromosome Pairing-Dependent Repression of Mini-white
Recently the product of the pleiohomeotic locus (PHO), a member of the PcG, was shown to be the Drosophila homolog of the mammalian transcription factor YY1 (Brown et al., 1998) . PHO binds directly to DNA through a consensus sequence with a GCCAT core and has been shown to mediate chromosome pairing-dependent repression of reporter genes linked to DNA fragments derived from the engrailed locus (Brown et al., 1998) . Pairingsensitive repression (PSR) involves at least some PcG members, but its relation to the endogenous action of PcG proteins at PRE sites within homeotic genes is unclear. We noted that the iab-2(1.7) enhancer exhibits pairingsensitive repression (Fig. 6A vs 6B ). Approximately 47% of all homozygous viable inserts (196 total lines examined) exhibit complete or near complete silencing of the miniwhite reporter when homozygous. This silencing is completely independent of the gap protein binding sites, since constructs containing mutations in all five HB sites as well as the KR and GT sites show pairing-dependent repression at the same frequency.
To test whether PHO was responsible for the pairing sensitivity of the iab-2 enhancer, we crossed an insert line, which shows complete repression when homozygous, into a pho cv mutant background. This mutant is semiviable and many of the pho cv homozygotes survive to pupal stages (Brown et al., 1998) . The eye color of these pharate adults was examined. As shown in Fig. 6 , reduction of pho function restores white transcription as indicated by the orange eye color of the pho cv homozygous animals ( Fig. 6C ) compared to the white-eyed pho cv /ϩ heterozygotes (Fig. 6D) . We also examined iab-2(1.7) enhancer function in embryos mutant for pho and observed that zygotic loss of pho did not alter the initiation or refinement of the early lacZ pattern consistent with a role for pho in later aspects of repression.
To determine whether pairing-dependent repression is mediated by direct binding of PHO to the iab-2(1.7) enhancer, we scanned the iab2(1.7) sequence for GCCAT motifs that form the core of a PHO consensus binding site (Brown et al., 1998; Mihaly et al., 1998) . Seven such sites where identified (Figs. 3 and 7) , including a cluster of five sites within a 682-bp fragment at one end of the iab-2(1.7) enhancer. To investigate whether these putative PHO sites are important for pairing-sensitive repression, we examined the pairing-sensitive repressive activity of a portion of the 1.7-kb iab-2 enhancer. This ϳ700-bp "minimal" iab-2(0.7) enhancer, which contains the gap gene binding sites but lacks five of the PHO core sites, still produced the canonical pattern of LacZ expression (data not shown), but showed no pairing-dependent repression (10 lines examined). This result suggests that the cluster of five putative PHO sites is important for pairing-dependent repression.
To determine if PHO binds directly to this cluster of core elements, we performed gel mobility-shift experiments. We used an extract from PHO-expressing Escherichia coli and a 400-bp subfragment of the iab-2 enhancer that contains four of the putative PHO binding sites. (Fragment A, Fig.  7A ). The gel shifts revealed multiple complexes that formed in a concentration-dependent order (Fig. 7B) , suggesting the presence of multiple PHO binding sites. To further dissect the role that individual sites play in producing this complex pattern, we tested three additional fragments for binding. Fragment C contains none of the putative sites and showed no gel shift (Fig. 7D, right) . Fragment D contains the two leftmost sites (Fig. 7D, left) and produced two shifted species. Fragment B contains two tandem PHO sites and produced a single shifted species (Fig. 7C, left) . When the tandem sites are removed by mutation in the context of either Fragment A or Fragment B, the shifted species is lost (Fig. 7C, right) . Thus this tandem site behaves as a single PHO site.
To examine the importance of these PHO sites for pairing-sensitive repression in vivo, we introduced the tandem-site mutation into the complete iab-2(1.7) enhancer and generated transformant lines. Of the 17 lines tested, 13 showed darker eye colors as homozygotes (Fig. 6E  vs 6F ), and 4 showed comparable eye colors in homozygotes and heterozygotes. These results demonstrate that PHO is required for the pairing-dependent repression of the iab-2(1.7) enhancer.
Maintenance of PcG Repression through Late Embryonic Stages Requires Additional iab-2 Sequences
We have previously shown that an 11-kb SalI fragment containing the iab-2(1.7) enhancer maintains lacZ expression within the proper spatial domain at late embryonic stages and that this repression is PcG dependent (Simon et al., 1993) . In contrast, lacZ expression from the isolated iab-2(1.7) fragment occurs anterior to PS7 at late stages of embryogenesis (see Fig. 1D ). Thus, although the iab-2(1.7) PHO binding sites are required for pairing-dependent repression, they do not appear sufficient to confer full PcG activity. These observations imply that there are additional sequences within the 11-kb SalI fragment that are required to provide full PcG-mediated repression. To identify these sequences, we divided the approximately 9 kb of sequence adjacent to the iab-2(1.7) enhancer into a series of subfragments and tested each for their ability to confer late embryonic maintenance of lacZ expression at the PS7 boundary in the CNS. As shown in Fig. 8A , we identified several fragments within this region that are able to confer late maintenance. For example, a 534-bp fragment from the middle of the large abd-A intron confers maintenance of the PS7 boundary when juxtaposed next to the iab-2(1.7) fragment (compare Figs. 8B and 8D ). These findings suggest that additional factors that bind to these sequences are likely to be necessary for full PRE activity and that there is redundancy for such sequences within the iab-2 regulatory domain.
DISCUSSION
The HB Morphogenetic Gradient Uniquely Sets Only One Anterior Boundary of Homeotic Gene Expression
We have analyzed multiple regulatory inputs that control expression of the abd-A gene through the iab-2 regulatory region. We have shown that the gap repressor HB acts through iab-2 DNA to establish an anterior expression boundary in PS7. The iab-2(1.7) enhancer contains five HB binding sites, and it responds to perturbations in HB levels. Expression of a lacZ reporter under the control of this enhancer is expanded anteriorly in a zygotic hb mutant and complete lacZ repression is seen in osk mutant embryos, which contain uniformly distributed maternal HB. Simultaneous disruption of the five HB sites causes misexpression anterior to PS7, demonstrating that HB control of iab-2 is direct.
Previous studies have shown that the HB gradient sets the anterior PS6 boundaries specified by pbx and bx enhancers located within Ubx regulatory regions (Zhang et al., 1991; Qian et al., 1993) . In contrast to these Ubx elements, however, HB alone is not sufficient to set the iab-2 expression limit in PS7. Disruption of the single KR binding site in the iab-2(1.7) enhancer also produces anterior lacZ misexpression. The importance of this KR site in the context of an intact BX-C is emphasized by the Hab mutant phenotype (Lewis, 1978) , a dominant transformation of third thoracic segment toward second abdominal segment, which results from a single nucleotide change in this site (Shimell et al., 1994) . These results, together with the finding that HB is not required to set the PS5 expression boundary of the abx enhancer (M.J.S. and M.B.O., unpublished results), suggest that the HB gradient, by itself, specifies only a single boundary (PS6) of homeotic gene expression. In most parasegments, additional factors are required along with HB or instead of HB. Thus, the ability of the HB gradient to specify multiple spatial positions in the absence of other factors is limited. This may reflect a common feature of many morphogenetic gradients. For example, activation of gene expression in the lateral neuroectoderm by the Dorsal morphogen requires combinatorial action with bHLH transcription factors (Jiang et al., 1993) . The extracellular morphogen DPP was originally thought to directly specify at least three distinct boundaries of gene expression in wing imaginal discs (Kim et al., 1997; Lecuit et al., 1996; Nellen et al., 1996) . However, recent results suggest that, similar to HB, the DPP gradient alone specifies a single response threshold, and it requires secondary inputs to set additional boundaries (Haerry et al., 1998) .
Hunchback and Giant Control Posterior Expression from the iab-2 Enhancer
The iab-2 enhancer is also controlled by gap gene products in posterior parasegments. This is most evident in gt (Mihaly et al., 1998) . The highly conserved GCCAT core is underlined, and numbers in parentheses indicate the positions of the first C nucleotide of the core sequence relative to the 1.7-kb element. In (B-D) the C-terminal portion of PHO, containing the four zinc fingers, was expressed as a His 6 -fusion protein and used in gel shift assays with labeled iab-2 fragments. Increasing amounts of a control extract (pET) or extract containing the fusion protein (PHO) were mixed with the indicated DNA fragments and complexes were separated by electrophoresis. Arrows indicate the positions of unbound probes and asterisks indicate the positions of shifted species specific to the PHO-containing extract. (B) An iab-2 fragment spanning four GCCAT core sequences produces three shifted bands, and mutation of two tandem GCCAT cores eliminates one shifted species. (C) The tandem GCCAT sites behave as one binding site when separated from other GCCAT core sequences. (D) Two additional GCCAT sequences bind PHO. mutant embryos and in embryos carrying the iab-2(1.7) construct with mutations in the single GT binding site. The iab-2(1.7) pattern normally consists of two strong stripes, corresponding to PS7 and PS9, and weaker more posterior stripes. Embryos containing the iab-2(1.7) construct with a mutated GT site instead produce three strong stripes in PS7, 9, and 11. In a gt mutant background, expression in PS7 and PS9 resolves into separate stripes but expression in PS9 -11 remains fused as a single, broad domain. This fused pattern likely results from ectopic activation of the iab-2 enhancer by EVE. We have shown that eve is required for iab-2(1.7) stripe formation, and EVE stripes 5 and 6 (PS9 and 11) fail to resolve in gt mutant embryos and instead form a broad band of EVE encompassing PS9 -11 (Harding et al., 1989; Carroll, 1990) . Thus, gt mutations produce similar alterations in EVE distribution and in the iab-2(1.7) pattern.
Unlike the anterior iab-2(1.7) boundary, the initial posterior boundary is unstable; additional stripes are added as gastrulation commences. The delayed appearance of the more posterior stripes suggests that GT, by itself, is not able to maintain repression as its levels decline. HB also appears to control posterior iab-2(1.7) expression, since embryos containing iab-2 enhancers with HB site mutations express PS11 and PS13 stripes at higher levels than wildtype (Fig.  4F) . When GT and HB sites are both mutated, then all stripes in the embryo are of roughly equal intensity. Thus, the combination of posterior GT and HB produces the anterior-to-posterior graded pattern of iab-2(1.7) expression. It is not clear whether this modulation of the iab-2(1.7) pattern is integrated into the normal control of abd-A. This question would be most directly addressed by testing mutations in the iab-2 GT site introduced into the context of an intact BX-C.
Short-Range Repressor Function in iab-2: Mechanisms and Cooperation
HB, KR, and GT have been classified as short-range repressors whose range of action is limited to approximately 50 to 150 bp (Arnosti et al., 1996; Gray and Levine, 1996a; Small et al., 1991) . Two major mechanisms of short-range repression are competitive binding to an overlapping activator binding site and quenching, which entails interference with function of locally bound activators (Gray and Levine, 1996b) . Since studies on HB, KR, and GT action have focused primarily on their control of pair-rule genes such as eve, we wished to address mechanisms used by these repressors in the alternative context of a homeotic gene regulatory region.
The in vitro binding analysis identified five discrete HB sites on the iab-2(1.7) fragment (Fig. 3) . One of these sites, HB2, overlaps extensively with one of the EVE binding sites. Since EVE acts as an activator of iab-2(1.7) expression (Fig. 2) , HB may repress by competing with EVE for direct binding to this site. Evidence for a direct competition mechanism has been described for HB repression through the bx (Qian et al., 1993) and bxd/pbx control regions (Mü ller and Bienz, 1992) of the Ubx homeotic gene. In these cases, the anterior boundary is in PS6 rather than PS7, and HB competes with FTZ rather than EVE. Our mutational analysis shows, however, that HB sites other than HB2 also   FIG. 8 . Maintenance of the anterior expression boundary of the iab-2(1.7) enhancer at late embryonic stages requires additional sequences from the iab-2 regulatory region. The top shows the positions of additional fragments from the iab-2 11-kb SalI fragment (Simon et al. 1993 ) that were tested for their abilities to confer maintenance on the lacZ expression boundary. The black box represents the iab-2(1.7) enhancer. A "ϩ" indicates that a majority of the lines tested showed late maintenance (at least three lines examined). A "Ϫ" indicates that these constructs did not show maintenance at late stages. The bottom compares expression of the wild-type iab-2(1.7) enhancer (A and B) to a similar construct which also contains the 534-bp (BamHI-AflIII) iab-2 PRE (C and D).
contribute to iab-2 repression. These additional sites could promote HB competition with EVE by assisting HB binding at HB2 through cooperative interactions. Similarly, the single GT binding site in iab-2(1.7) overlaps another EVE binding site (Fig. 3) , suggesting that GT may also repress by direct competition with EVE in posterior parasegments.
In contrast, the single KR binding site (KR1) does not overlap EVE sites. A distinct KR mechanism is also supported by the ability of KR1 to repress even when relocated 100 bp away from its normal position in the iab-2(1.7) fragment (Fig. 5C ). This flexibility, together with failure of KR repression when KR1 is further relocated by 300 bp, is consistent with a short-range quenching mechanism. These results argue against KR repression by direct interference with basal transcription factors , since 300 bp is small compared to the 20-kb distance between the iab-2 enhancer and the abd-A promoter. Previous studies using a synthetic regulatory region have shown that KR can repress by a quenching mechanism in vivo (Gray and Levine, 1996a) .
Any proposed mechanism for KR action through iab-2, however, must account for the variability of KR repression within its own expression domain. Specifically, KR represses the iab-2 enhancer in PS3 and PS5 where KR concentrations are low, but it does not repress in PS7 where KR concentrations are high. This observation suggests that simple occupancy of the KR1 site is not sufficient for iab-2 repression and that another factor acts in concert with KR. The likely partner is HB since KR repression of iab-2 is limited to parasegments that accumulate significant levels of both KR and HB. In this view, repression just anterior to PS7 requires both KR and HB, whereas repression in more anterior parasegments, where HB levels are highest, is mediated by HB alone. KR-HB synergy could involve direct contact since the two proteins have been shown to interact when bound to DNA . Whether KR synergizes with HB by augmenting HB binding to DNA in a cooperative manner or by recruiting additional corepressors is not clear. We note that KR, but not HB, functions together with the corepressor dCtBP (Nibu et al., 1998) .
The Transition to PcG Repression
After HB and KR decay during early gastrulation, the repressed state is propagated through later stages of development by the PcG proteins. How the transition from early gap repressors to long-term PcG repressors occurs at the molecular level is not known. Two basic models have been proposed. First, the gap gene products, especially HB, have been proposed to help recruit PcG proteins directly to specific DNA sites (Zhang and Bienz, 1992) . Based upon its early time of action, a role for the PcG protein Extra sex combs (ESC) as a molecular bridge between the two sets of repressors was suggested (Gutjahr et al., 1995; Sathe and Harte, 1995; Simon et al., 1995) . However, direct interactions between ESC and gap repressors have not been reported. A better candidate for such a molecular link is dMi-2, which binds directly to HB and behaves genetically as an enhancer of PcG repression (Kehle et al., 1998) . In its simplest form the direct recruitment model is unlikely because the iab-2, bx, and pbx enhancers all contain HB sites but do not effectively recruit PcG proteins. These elements fail to maintain A-P boundaries of expression and are unable to attract PcG proteins to sites on chromosomes (this work; Qian et al., 1991; Chiang et al., 1995) . Furthermore, the continuous requirement for PRE sequences during development (Busturia et al., 1997) shows that DNA site recognition by PcG proteins can occur long after HB and KR have decayed. The second model proposes that PcG proteins recognize some feature of silenced chromatin, rather than particular gap repressors (Poux et al., 1996) . This model is supported by patterns of PcG-dependent silencing that reflect patterns of early gene activity rather than the distributions of gap proteins (Poux et al., 1996) . In this view, PcG proteins sense the transcriptional off state and then assemble locally to imprint this state through later stages.
These two models are not mutually exclusive. Both the HB-interacting protein dMi-2 (Kehle et al., 1998) and the KR-interacting protein dCtBP (Nibu et al., 1998) have mammalian homologs that interact with histone deacetylases (Sundqvist et al., 1998; Wade et al., 1998; Zhang et al., 1998) . Perhaps the gap repressors work by targeting these deacetylases, whose action alters the local acetylation state of the histone tails. This could provide a feature of silenced chromatin that is recognized by PcG proteins and that promotes their association at nearby PREs.
Role of PHO at PRE Sequences
In addition to sites for the gap repressors, we characterized the role of iab-2 binding sites for the recently identified PcG protein, PHO (Brown et al., 1998) . We found that PHO sites on the iab-2(1.7) fragment are required for PSR of a mini-white reporter (Fig. 6) . Thus, PHO can mediate this type of gene repression in the context of a homeotic regulatory fragment, analogous to its activity with an engrailed regulatory fragment (Brown et al., 1998) . Similarly, Fritsch et al. (1999) have recently reported that PHO binding sites are required for function of a different PRE located in the bxd region.
Are the iab-2(1.7) PHO sites sufficient for full PcG repression? Our results suggest that they are not since lacZ maintenance in the embryo, as opposed to PSR function during late stages, requires more distally located iab-2 sequences in combination with the iab-2(1.7) fragment (Fig.  8) . Thus, assays for PSR and for lacZ maintenance are not measuring precisely the same activity. In molecular terms, this could reflect association of distinct complexes at PSR sites as opposed to sites that supply full PRE function. Alternatively, a larger critical number of PHO sites might be needed for lacZ maintenance and fewer sites might suffice for PSR. We note that the iab-2(534) fragment, which enables lacZ maintenance, contains two additional PHO consensus core sites. However, several lines of evidence indicate that PHO is not likely the sole factor that recruits PcG proteins either to PREs or to PSR sites. First, a multimerized PHO site is insufficient to mediate PSR (Brown et al., 1998) . Second, in vivo cross-linking studies show heterogeneity among PcG proteins assembled onto DNA from different regions of the engrailed locus . Finally, the DNA-binding GAGA protein has also been implicated in PRE function (Hagstrom et al., 1997; and has been found associated with PRE sequences in chromatin binding assays (Orlando et al., 1998) . These observations strongly suggest that multiple DNA-binding factors form the landing pad for association of distinct types of PcG complexes.
What might be the in vivo role of PSR sites, such as the one on the iab-2(1.7) fragment, which by themselves cannot provide full PRE activity? One possibility is that, in their normal context, they act as secondary recruitment sites to extend and/or stabilize chromatin changes that are nucleated at strong PREs. In agreement with this, Orlando et al. (1998) have found that PC protein first assembles onto core PREs at the blastoderm stage and that high levels of PC association with fragments outside of these core regions does not occur until later in embryogenesis. The scattering of PSR sites throughout large regulatory domains, such as those within the BX-C, might assist assembly and propagation of repressive chromatin complexes over large DNA distances.
